Summary
In the field of developing models of composite material structures and procedures for calculating the thermal conductivity of composites, a large number of foreign [1] [2] [3] [4] [5] and domestic [6] [7] [8] [9] [10] [11] [12] [13] studies have been published. The main parameters determining the effective thermal conductivity of a composite include the following principal factors: the thermal conductivity and volume fraction of the components; the filler particle shape and size; the uniformity of distribution of the filler; the monodispersity or polydispersity of the filler.
One of the earliest formulae can be considered to be that of Rayleigh [1] for the thermal conductivity of a two-component mixture with a spherical filler:
where l c , l 1 , and l 2 are respectively the thermal conductivity of the composite, matrix, and filler, and m is the volume content of filler.
Odelevskii [6] , using the method of electroanalogy, obtained a relation for calculating the thermal conductivity of a composite material with a chaotic distribution of non-contacting isomer particles:
Misnar [8] investigated the influence of the shape of the filler particles and their different orientation. For cubic filler particles and a heat flux oriented parallel to the cube side faces, the following formula was proposed:
and for a heat flux parallel to the cube diagonal:
Misnar's [8] parametric comparison of the effective thermal conductivity of composites with a different shape of the non-contacting filler particles and their different orientation, in the range of variation of the volume fraction of components from 0 to 0.2-0.3,
T/28
showed that the difference in the calculated values of thermal conductivity for all the examined models does not exceed 7.5%. This is a very important result, as subsequently it makes it possible to examine the simplest (for mathematical description) variants of the shape and orientation of filler particles in relation to the direction of the heat flux.
Comparison of the results of calculations by means of formulae (3) and (4) with the measured values given in Dashko et al. [14] for a polyethylene melt with fillers of different chemical nature confirmed the satisfactory similarity of experimental and calculated data, where the maximum divergences did not exceed 15%, and the rms deviations were ≤10%.
Here, the filled polymer is a matrix-type heterogeneous system in which the polyethylene forms the binding matrix with uniformly disperse filler particles.
Along with a system consisting of isolated, noncontacting embedments, we will examine a system with a chaotic distribution of unextended particles, described in Dul'nev and Zarichnyak [10] . According to this model, at small volume filler concentrations (0 < m < 0.15), the formation of chains of contacting particles, the length of which is comparable with the size of the specimen in the direction of the heat flux, is unlikely. However, in accordance with the theory of flow [11] , starting with a threshold ("critical") volume filler concentration 0.1 < X c < 0.2, it increases suddenly, forming, with a volume filler concentration of over 0.2, continuous threedimensional chains.
The process of heat transfer in this model is examined on the basis of a chaotic two-component model consisting of densely packed cubes of two types: cubes with the thermal conductivity of the binding component l 1 (in the case examined, the polymer matrix), and cubes of thermal conductivity l eff covering filler particles with thermal conductivity l 2 [10] : (5) Analysis of the results of calculation indicates that the functional dependence λ c = f(m) in a wide range of ratios of filler thermal conductivity and polymer thermal conductivity l 2 /l 1 is monotonic and concave towards the concentration axis. The thermal conductivity of the composite is determined by the expression [13] :
where ′ m 1 is the volume concentration of binder not entering the cubes and ′ m 2 is the volume concentration of cubes, related to the volume filler concentration m 2 by the equations ′ m 2 = 1.91·m 1 
If the mass concentration of filler n 2 is known, then it can be converted into the volume concentration, knowing reference values of the density of the components r 1 and r 2 , by means of the formula:
The results of calculating the effective thermal conductivity λ c by means of formulae (5) and (6) for systems with a chaotic distribution of filler particles were compared with the results of calculation using the model with isolated embedments (2) and (3). From a comparison of the obtained results with the results of calculating systems with isolated inclusions it follows that the model with a chaotic distribution of particles takes into account the possibility of chains of contacting particles arising with increase in the volume fraction of fillers; more precisely, it reflects the structure of the composite and gives a more rapid growth in thermal conductivity of the composite and a better agreement with the results of measurements.
The given model and scheme for calculating the effective thermal conductivity of filled polymers take no account of the influence of the size of the filler particles on the properties of the composite. Such an assumption does not introduce substantial error when the size of the filler particles lies in the normal range (100 < d < 5 x 10 3 µm) and when the average size of the unextended filler particles differs by no more than a factor of 2-3.
If the difference in the filler particle size is more significant (5-10-fold), then, with a volume concentration of disperse filler m of >0.2, the structure of the polydisperse system differs appreciably from the models examined above in that particles of fine fraction are arranged around points of contact of larger fraction. A model of the structure of polydispersed composite materials and a procedure for calculating their effective thermal conductivity are proposed in Volkov and Zarichnyak [15] .
It should be pointed out that the thermal conductivity of filled polymers is influenced greatly by structure formation on the molecular and supermolecular levels, which is governed by the chemical composition, structure, shape, concentration, and size of the filler particles. However, today there are practically no accurate model representations of the process of heat transfer in filled polymer systems, although, on the basis of available experimental material, using known methods of thermal conductivity theory, it is possible to obtain calculated empirical relationships that make it possible to assess in each particular case the value of the thermal conductivity of filled polymer systems.
Investigations were conducted on specimens of composite materials comprising polytetrafluorethylene (PTF) filled with coke KL-1 (FC) and molybdenum disulphide MoS 2 (FM). The materials were manufactured at the Institute of Natural Sciences, Buryatsk Branch, Siberian Section, Russian Academy of Sciences. For calculation of the effective thermal conductivity of the PTF with the molybdenum disulphide filler, use was made of a model in which the process of heat transfer was examined on a chaotic two-component model. Calculation was conducted by means of formulae (5), (6) , and (7).
The mass concentration of fillers was varied from 5 to 40% for FC, and from 5 to 30% for FM, with a step of 5%. Table 1 presents the results of calculating the porosity of material of grades FM and FC, where r 1 is the density of the investigated material, found by the hydrostatic method (Kovalenko et al., 1979), and r is the poreless density of the composite, calculated by means of the formula:
where r filler , m filler , r PTF , and m PTF are the density and volume concentration of the filler (coke or molybdenum disulphide) and PTF respectively.
The pores in the materials were regarded as isolated inclusions in the system. For a PTF + MoS 2 composite, the influence of porosity was calculated on the three porous materials FM5, FM25, and FM30, and here it was assumed that pores were present between the molybdenum disulphide grains (variant MoS 2 + air). The results of calculating the thermal conductivity of materials FM and FC, with account taken of pores and with no account taken of pores, are given in Tables 2 and 3. For comparison, calculations were carried out for two models more acceptable for the given class of materials.
Allowance for the influence of porosity during the filling of PTF with coke was done in three variants: (1) coke + air; (2) PTF + air; (3) composite + air. In all three variants, air was regarded as isolated inclusions.
The procedure for calculation reduced to the following: initially, the effective thermal conductivity of a binary system in above variants 1 and 2 was calculated by means of Odelevskii's equation (2) . In the calculation, coke and PTF were considered to be the matrix of the system. The results of calculation are given in Tables 1   Table 1 . Determination of the porosity P of filled thermoplastics and 2. Then, calculation was conducted for two models using formulae (2) and (6) . In the first case (variant 1), PTF was considered to the matrix. In the second case (variant 2), PTF + air was considered to be the matrix.
For calculation of variant 3, data in Table 1 for two models were used, with subsequent account taken of porosity. In this case, PTF + coke was considered to be the matrix. Comparison of the results of calculations with experiment indicates that the model with a chaotic particle distribution is most acceptable for materials FM and FC. Allowance for the influence of porosity in different variants in Tables 4 and 5 gives practically identical values of thermal conductivity material FC of. The coke + air variant corresponds more to a real system. Tables 2 to 5 makes it possible to conclude that a model in the form of a chaotic two-component system describes the dependence of thermal conductivity of filled fluoroplastics on concentration fairly reliably. As shown by the conducted estimates, the error of the method, which is largely due to error of the initial data, is entirely satisfactory for engineering calculations. 
Comparison of calculated and experimental values of thermal conductivity presented in

rEFErENCES
